Abstract. Dilutable nanoemulsions are potent drug delivery vehicles for ophthalmic use due to their numerous advantages as sustained effect and high ability of drug penetration into the deeper layers of the ocular structure and the aqueous humor. The aim of this article was to formulate the antiglaucoma drug dorzolamide hydrochloride as ocular nanoemulsion of high therapeutic efficacy and prolonged effect. Thirty-six systems consisting of different oils, surfactants, and cosurfactants were prepared and their pseudoternary-phase diagrams were constructed by water titration method. Seventeen dorzolamide hydrochloride nanoemulsions were prepared and evaluated for their physicochemical and drug release properties. These nanoemulsions showed acceptable physicochemical properties and exhibited slow drug release. Draize rabbit eye irritation test and histological examination were carried out for those preparations exhibiting superior properties and revealed that they were nonirritant. Biological evaluation of dorzolamide hydrochloride nanoemulsions on normotensive albino rabbits indicated that these products had higher therapeutic efficacy, faster onset of action, and prolonged effect relative to either drug solution or the market product. Formulation of dorzolamide hydrochloride in a nanoemulsion form offers, thus, a more intensive treatment of glaucoma, a decrease in the number of applications per day, and a better patient compliance compared to conventional eye drops.
INTRODUCTION
Ophthalmic drug delivery is one of the most interesting and challenging endeavors facing the pharmaceutical scientist (1) . It is a common knowledge that the application of eye drops as conventional ophthalmic delivery systems result in poor bioavailability and therapeutic response because of lacrimal secretion and nasolacrimal drainage in the eye (2, 3) . Most of the drug is drained away from the precorneal area in few minutes. As a result, frequent instillation of concentrated solutions is needed to achieve the desired therapeutic effects (4) . But, by the tear drainage, the main part of the administered drug is transported via the nasolacrimal duct to the gastric intestinal tract where it may be absorbed, sometimes causing side effects (5) . In order to increase the effectiveness of the drug, a dosage form should be chosen which increases the contact time of the drug in the eye. This may then increase the bioavailability, reduce systemic absorption, and reduce the need for frequent administration leading to improved patient compliance.
To overcome these problems, various ophthalmic vehicles such as suspensions, ointments, inserts, and aqueous gels have been investigated to extend the ocular residence time of medications for topical application to the eye (6) . These ocular drug delivery systems offer some improvement over conventional liquid dosage forms but, because of blurred vision (e.g., ointments) or lack of patient compliance (e.g., inserts), they have not been universally accepted. As a result, good ocular bioavailability following topical delivery of a drug to the eye remains a challenge yet to be resolved satisfactorily (7) .
Glaucoma is a serious eye disorder characterized by an increase in the intraocular pressure which leads gradually to loss of vision due to damage of the optic disk, usually without symptoms and is the second leading cause of blindness worldwide (8) (9) (10) . It is believed that glaucoma is a result of an imbalance between aqueous humor secretion and drainage processes within the ocular chamber (11) .
Drugs used to treat glaucoma work broadly in one of two ways: either to reduce the production or to increase the drainage of aqueous humor. Dorzolamide hydrochloride was synthesized in the 1980s (12) and was shown to be about 20 times more potent than the carbonic anhydrase inhibitor acetazolamide with regard to the inhibition of carbonic anhydrase isoenzyme II (13) , which is thought that this isoenzyme plays a major role in aqueous humor secretion (14) . The pK a values of dorzolamide hydrochloride are 6.35 and 8.5 (15) and its apparent partition coefficient is 1.96 for the n-octanol/pH 7.4 buffer system (16) .
Topically effective aqueous dorzolamide eye drop solution (Trusopt®) has become one of the most widely used medications for the treatment of open-angle glaucoma since it became commercially available in 1995 (17) . The concentration of dorzolamide HCl in Trusopt® is 2.2%, corresponding to 2.0% of the free base, pH 5.65. Hydroxyethyl cellulose is used to increase the viscosity of Trusopt® eye drops to 100 cps; this increased viscosity leads to increased corneal contact time and, consequently, to increased bioavailability (15) . However, the relatively low pH and high viscosity have been shown to generate local irritation after topical administration of the eye drops (18) .
The objective of our study was to formulate dorzolamide hydrochloride as eye drops capable of delivering the drug in a sustained manner, thus avoiding frequent instillation of the drops which may induce toxic side effects and cellular damage at the ocular surface (19) (20) (21) . In the meantime, the preparation of dorzolamide eye drops of high therapeutic efficacy and lacking the undesirable effects of the market product (Trusopt®) as irritation and blurred vision (22) is an additional aim of our study. Nanoemulsions as a drug delivery system were utilized in our study for formulating dorzolamide hydrochloride as ocular eye drops in virtue of their distinct advantages (23) (24) (25) . These include sustained release of the drug applied to the cornea, high penetration in the deeper layers of the ocular structure, and aqueous humor as well as ease of sterilization. Thus, these systems can achieve therapeutic action with a smaller dose and a fewer systemic and ocular side effects.
MATERIALS AND METHODS

Materials
Dorzolamide hydrochloride was obtained from Hetero Drugs Ltd., Hetero House, Erragadda, India. Tween 80 (TW80), isopropyl myristate (IPM), triacetin (glycerol triacetate), and dialysis tubing cellulose membrane (molecular weight cutoff 12,000 g/mol) were obtained from SigmaAldrich Chemical Company, St. Louis, USA. Cremophor EL (CrEL, polyethoxylated castor oil), Miglyol 812 (Miglyol, caprylic/capric triglyceride), Transcutol P (Transcutol, diethylene glycol monoethyl ether), and Miranol C2M conc NP (Miranol, disodium cocoamphodiacetate) were kindly supplied by Seppic (Paris, France), Sasol Germany GmbH (Witten, Germany), Gattefossé (Saint Priest, France), and Rhodia, Inc. (CA, USA), respectively. Propylene glycol (PG) was purchased from BDH Laboratory Supplies, Poole, England. Dorzolamide hydrochloride market product (Trusopt®, 2.2% dorzolamide hydrochloride) was provided by Merck Sharp and Dohme B.V. (Haarlem, Netherlands). Sodium dihydrogen phosphate, disodium hydrogen phosphate, and sodium chloride were purchased from Sisco research laboratories Pvt. Ltd., Mumbai, India.
Methods
Construction of Pseudoternary-Phase Diagrams
The pseudoternary-phase diagrams of oil (isopropyl myristate, Miglyol 812, and triacetin), surfactant (Tween 80 and Cremophor EL), and cosurfactant (propylene glycol, triacetin, Transcutol P, and Miranol C2M conc NP) were developed using water titration method at 25°C (26) . For each combination of surfactant (S) and cosurfactant (CoS), four phase diagrams were constructed with S to CoS weight ratios of 1:1, 2:1, 3:1, and 4:1. In case monophasic, clear, and transparent mixtures were visualized after stirring, the samples were marked as points in the phase diagram. The area covered by these points represents the region where nanoemulsion exists which was calculated using AutoCAD® software (Autodesk, Inc., San Rafael, CA, USA).
Preparation of Dorzolamide Hydrochloride Nanoemulsions
In order to mimic physiological dilution process after ocular administration of the prepared nanoemulsions, nanoemulsions were diluted 1:5 (v/v) with isotonic buffer solution (pH 7.4) and assessed visually for transparency for a period of at least 48 h (27) . Diluted systems that showed transparency and no phase separation were considered as true oil/water (o/w) nanoemulsions maintaining their physical integrity and were used for preparing drug-loaded nanoemulsions.
Seventeen nanoemulsion vehicles were prepared at S to CoS weight ratio of 3:1. Dorzolamide hydrochloride (2.22% w/w) was dissolved in the prepared nanoemulsion samples with the aid of vortexing until clear transparent systems were obtained. Drug-loaded nanoemulsions were prepared 48 h before investigation so that drug distribution among the oil, water, and surfactant micelles attains thermodynamic equilibrium and were stored at room temperature. Benzalkonium chloride was added as a preservative in all prepared nanoemulsions in a concentration of 0.01% w/w.
Accelerated Physical Stability Studies
The prepared nanoemulsions were subjected to a series of heating-cooling cycle (28) , centrifugation (27) , and freezethaw cycle tests (28) and the nanoemulsions that were stable were considered for further studies.
Physicochemical Characterization of Nanoemulsions
Particle Size Analysis. A Photon Correlation Spectrometer (Zetasizer 1000HS, Malvern Instruments Ltd., UK) was employed to monitor the particle size of nanoemulsions. Light scattering was monitored at 90°angle and 25°C.
Rheological Measurements. Rheological measurements were performed at 25±0.1°C using a Bohlin rheometer (Model CS 100, Bohlin Instruments, UK) equipped with a cone/plate apparatus 40 mm per 4°. For each sample, continuous variation of shear rate γ (80-400 s −1 ) was applied and the resulting shear stress σ was measured. Viscosity η of dispersions with Newtonian flow properties was calculated according to the relation: η=σ/γ.
Refractive Index. Refractive index was determined at 25°C using refractometer M46.17/63707 supplied by Higler and Walts Ltd., England.
Surface Tension. Surface tension measurements were carried out at 20°C using a thermostatically controlled processor tensiometer K100 (Kruss GmbH, Germany) pro-vided with a Du Nouy ring (ring radius 9.545 mm, wire diameter 0.37 mm).
pH and Osmotic Pressure. pH was measured at 25°C using JENWAY model 350 (JENWAY Ltd., UK) and the osmotic pressure was measured using Micro Osmometer model 3300, Advanced Instruments Inc., USA.
In Vitro Drug Release Studies
These studies were performed using US Pharmacopeia dissolution apparatus type II (SR8 PLUS, Handson dissolution tester, USA). The release medium was 900 ml of phosphate buffer (pH 7.4), the temperature was set at 34± 0.5°C (the ocular surface temperature; 29,30) and the paddle revolution speed was 50 rpm. Release experiments were conducted for 6 h as all tested preparations attained 100% release within this time period.
A 0.5 ml of aqueous drug solution (pH 5.5), market product, or the drug-loaded nanoemulsion was instilled in the dialysis bag which was secured with two clamps at each end. At definite time intervals, a 5-ml sample was withdrawn and replaced by fresh buffer; these samples were assayed for dorzolamide hydrochloride by Shimadzu UV spectrophotometer (2401/PC), Japan at 252.6 nm. Triplicate experiments were carried out for each release study and the mean value of release efficiency (RE) was calculated. The release efficiency was calculated from the area under the release curve at time t. It is expressed as a percentage of the area of the rectangle corresponding to 100% release, for the same total time, according to the following equation (31) :
Where y is the percentage drug released at time t.
Ocular Irritation Studies
Six groups, each of six New Zealand albino rabbits weighing 1.5-2 kg, were kept in an air-conditioned room at 25±0.5°C and fed a standard pellet diet and water with artificial fluorescent light providing a cycle of night and day, 12 h each. All animals were healthy and free of clinically observable abnormalities. The experimental procedures conform to the ethical principles of the National Research Center, Cairo (Egypt), on the use of animals.
The right eye received 50 μl of the tested formulation, while the left eye was used as a control. Application of the tested formulation onto the rabbit's cornea was repeated every 2.5 h through a period of 7.5 h per day for three successive days and once on the fourth day. After 1 and 24 h from last instillation, eyes were examined under general anesthesia (35 mg/kg ketamine and 5 mg/kg xylazine) utilizing Draize technique (32) . The eyelids, cornea, iris, conjunctiva, and anterior chamber were inspected for inflammation or toxic reaction. Furthermore, both eyes were stained with fluorescein and examined under UV light to verify possible corneal lesion.
After corneal examination, the corneas were separated, washed with saline phosphate buffer (pH 7.4), and immediately fixed in Bouin's solution [85 ml picric acid, 10 ml formalin (37-40%) and 5 ml acetic acid] for 24 h. The corneas were then dehydrated with an ethyl alcohol gradient (70-90-100%) and xylene, put in melted paraffin, and solidified in block forms. Cross sections were cut, stained with hematoxylin and eosin, and microscopically examined for pathological modifications (n=3).
Therapeutic Efficacy Studies
This study was of a single-dose crossover design and was performed on aqueous drug solution (pH 5.5), the market product (Trusopt®, as a reference standard) in addition to the selected formulations. Sterility of formulations was achieved by filtration through sterile 0.22-μm pore size pyrogen-free cellulose filters.
Male albino rabbits weighing 2-2.5 kg were used; the animals were housed as previously described under "Ocular Irritation Studies" and the experimental procedures conform to the ethical principles of the National Research Center, Cairo (Egypt), on the use of animals. Intraocular pressure (IOP) measurements were performed with a Schiötz Tonometer (Rudolf Riester GmbH and Co. KG, Germany). No more than three repeated readings for any eye were performed at each measurement. Only measurements in which two consecutive readings were identical were included. Animals which showed a consistent difference of more than 2 mmHg between IOP of both eyes, showed any signs of irritation, or were agitated during handling were excluded.
Eyedrops were instilled topically into the upper quadrant of the eye and the eye was manually blinked three times; one eye received 50 μl of the preparation and the other served as control. IOP was measured immediately prior to giving the drug and at different time intervals following the treatment. All measurements were done three times at each interval and the mean values were taken.
The percentage decrease in IOP was determined according to the following equation:
The pharmacodynamic parameters taken into consideration were maximum percentage decrease in IOP, time for maximum response (t max ), area under percentage decrease in IOP versus time curve (AUC 0-10 h ), and mean residence time (MRT). These parameters were calculated using WinNonlin® software (Pharsight Co., CA, USA). Statistical analysis of the results was performed using one-way analysis of variance followed by the least-significant difference test. Statistical analysis was computed with the SPSS® software (SPSS Inc., Chicago, USA).
RESULTS AND DISCUSSION
Construction of Pseudoternary-Phase Diagrams
For the present study, one type of oil from different categories such as long-chain triglycerides (isopropyl myris-tate), medium-chain triglycerides (Miglyol 812) as well as short-chain triglycerides (triacetin) were selected. These oils are well tolerated by the eye (25, (33) (34) (35) .
Tween 80 and Cremophor EL were used as examples of nonionic surfactants. Tween 80 is widely used in ophthalmic preparations due to its safety. It is listed in US PharmacopeiaNational Formulary, European Pharmacopeia, and the Japanese Pharmacopeia (36) . An ocular irritation evaluation test was made by Alany et al. (37) and classified Tween 80 as practically nonirritant. On the other hand, according to information provided by the manufacturer, the instillation of 0.05 ml of Cremophor EL in the rabbit's conjunctival sac caused only slight reddening of the conjunctiva, and this disappeared within a few hours (38) . The application of a 50% aqueous solution of this product caused slight irritation with lacrimation, which disappeared rapidly; 30% aqueous solutions had no irritant effect (38) .
An additional important criterion for selection of the surfactants is their HLB values. The HLB value required to form o/w nanoemulsions should be greater than 10 (39). Tween 80 and Cremophor EL have HLB values of 15 and 12-14, respectively, thus fulfilling this requirement.
Propylene glycol, triacetin, Transcutol P, and Miranol C2M conc NP were used as cosurfactants. Solutions of up to 50% propylene glycol caused no irritations to the rabbit eye, whereas the undiluted application was associated with a weak conjunctival redness (40, 41) . Triacetin, as reported by Hughes (33) , is well tolerated by the rabbit eye. Undiluted triacetin has no or only minor effect on the rabbit eye (34, 35) . On the other hand, Transcutol P and the amphoteric surfactant, Miranol C2M conc NP, are known as common emulsion excipients suitable for dissolving or dispersing lipophilic drugs in ocular preparations (42) .
Thirty-six systems were prepared; the pseudoternaryphase diagrams were mapped with the water titration method at 25°C to identify the area of nanoemulsion regions.
As expected, the phase behavior was strongly influenced by the molecular volume of the oil incorporated within the nanoemulsion (43) . Depending on the chain length and on the volume of the molecule, penetration of the surfactant into the hydrocarbon tails will change the hydrocarbon chain volume of the surfactant molecule and, thus, the effective critical packing parameter (44) . The molecular volumes of IPM, Miglyol, and triacetin are 529, 572, 188 Å 3 , respectively; accordingly, the nanoemulsion area was highest in the case of triacetin followed by IPM and then Miglyol, on using PG, Transcutol, or Miranol as cosurfactants (Fig. 1) .
On using triacetin as a cosurfactant, the highest nanoemulsion area was found for IPM followed by Miglyol and then triacetin (Fig. 1) . This might be due to a decrease in the solubilizing capacity of the surfactants as triacetin acts here as an oil beside being a cosurfactant. Oils, as triacetin, possessing a very small chain length compared to the surfactant hydrophobe may be incorporated into the nanoemulsion droplet in a different manner to that originally thought; in other words, an oil may be too small to act as a cosurfactant, possibly preferring to locate more towards the center of the aggregate (45) .
The use of Cremophor EL surfactant resulted, in most cases, in smaller nanoemulsion existence areas compared to Tween 80 (Fig. 1) . In order to increase the oil-solubilizing capacity of Cremophor EL, a mixture of Cremophor EL and Tween 80 (1:1 weight ratio) was tried. This resulted in an increase in nanoemulsion existence areas (Fig. 1) . This might be due to the fact that the flexibility of surfactant layer and its ability to partition at higher levels into the oil-water interface might be enhanced by the combined surfactants; both of which stabilized o/w nanoemulsion formed (27, (46) (47) (48) (49) . Moreno et al. (27) reported that the combined use of Tween 80 and soybean lecithin was found to greatly increase the oil content in microemulsions by threefold. Huibers and Shah (46) also observed synergistic effects of surfactant combinations for w/o microemulsions.
With respect to the cosurfactants used, Fig. 1 denotes that the use of the branched cosurfactant triacetin resulted, generally, in the highest nanoemulsion existence area followed by PG and Transcutol. Taha et al. (50) found that optimal w/o microemulsion stability requires the cosurfactant molecules to be branched and short, such that they can occupy sphere-like gaps between interfacial surfactant molecules. On the other hand, Miranol induced the least nanoemulsion area. This might be due to the steric bulking of Miranol which is expected to disturb the interfacial packing of the nanoemulsion.
It is evident from Fig. 1 that for systems containing IPM or Miglyol, increasing surfactant concentration in relation to cosurfactant concentration led, generally, to an increase in the nanoemulsion existence area together with an increase in the maximum amount of oil that can be incorporated in the system. Kawakami et al. (51) reported that increasing S to CoS ratio enhances micelle formation, which consequently increases the solubilization capacity of the microemulsion (51). However, this trend was, generally, reversed when triacetin was used as the oil phase and PG or Transcutol as cosurfactants since increasing S to CoS ratio from 1:1 to 4:1 resulted in a decrease in the solubilizing capacity of the nanoemulsion (Fig. 1) . This might be due to the fact that, at the S to CoS ratio of 1:1, the cosurfactant was inserted into the cavities between the surfactant molecules exactly, and the formed nanoemulsions had the maximum solubilizing capacity (51) .
It is clear from the aforementioned results that the nanoemulsion existence area can be modified according to the type and amount of oil, surfactant, and cosurfactant used.
It is noteworthy that the use of o/w nanoemulsions in drug delivery is more straightforward than is the case with w/o nanoemulsions. This is because the droplet structure of o/w nanoemulsions is often retained on dilution by a biological aqueous phase, thereby permitting ocular administration (52). Our goal is to formulate a dilutable ophthalmic nanoemulsion (o/w) having the lowest possible surfactant content and optimal solubilization of the hydrophilic and lipophilic components. Therefore, 17 dilutable nanoemulsions were formulated in which a S to CoS ratio of 3:1 and water content of 77.78% w/w were used. The prepared nanoemulsions were loaded with 2.22% w/w of dorzolamide hydrochloride (Table I) .
Accelerated Physical Stability Studies
Stability of nanoemulsions was studied using heatingcooling cycles, centrifugation, and freeze-thaw cycle stress tests. All nanoemulsions were stable after heating-cooling cycles, except NE 4 which displayed alteration in transparency and was thus excluded. The centrifugation test showed that the tested nanoemulsions had good physical stability. Through freeze-thaw cycle stress test, turbidity was observed when the nanoemulsions were stored at −21°C. Coagulation of the internal phase at low temperature might have led to this instability; however, these nanoemulsions were easily recovered by storing at ambient temperature. Chen et al. (53) reported that nanoemulsions should be kept above 15°C at least.
Physicochemical Characterization of Nanoemulsions
Particle Size Analysis
The selected nanoemulsions showed a mean droplet diameter of 8.4-12.7 nm (Table II) . This small average diameter was expected since, in nanoemulsions, the cosurfactant molecules penetrate the surfactant film, lowering the fluidity and surface viscosity of the interfacial film, decreasing the radius of curvature of the nanodroplets, and forming transparent systems (54) . 
Rheological Measurements
It has been assumed that ophthalmic instillation of a formulation should influence the normal behavior of tears as little as possible. Systems with low viscosity allow good tolerance with little blinking pain. In contrast, systems with enhanced viscosity, although less tolerant, induce an increase in ocular contact time by reducing the drainage rate and, as a consequence, improve bioavailability (55) . Viscosity of eyedrops is required to be not higher than 20.0 mPa s (56) .
Dorzolamide hydrochloride nanoemulsions exhibited a Newtonian behavior. The viscosity values of all dorzolamide hydrochloride nanoemulsions were less than 10.0 mPa s (Table II) .
It is obvious that increasing oil concentration of dorzolamide hydrochloride nanoemulsions, on the expense of the S-CoS mixture, decreased the average viscosity of the nanoemulsion (NEs 6, 8, 11, 13, 15, and 17 versus NEs 5, 7, 10, 12, 14, and 16, respectively, Table II ). It is also observed that the viscosity of the nanoemulsions differed, generally, with the surfactant used; nanoemulsions containing Cremophor EL (NEs 10-13) had higher viscosity values relative to those containing Tween 80 (NEs 5-9). This might be because Cremophor EL is semisolid while Tween 80 is liquid at room temperature.
Refractive Index
Refractive index measurements detect possible impairment of vision or discomfort to the patient after administration of eyedrops (57) . Refractive index of tear fluid is 1.340 to 1.360 (58) . It is recommended that eye drops should have refractive index values not higher than 1.476 (59) . Table II depicts that dorzolamide hydrochloride nanoemulsions had refractive index values ranging from 1.356 to 1.358 which are within the recommended values.
Surface Tension
The tear film is destabilized when the surface tension of eyedrops is much lower than the surface tension of the lachrymal fluid (60,61) which ranges from 40 to 50 mN/m (62) .
The surface tension of the prepared dorzolamide hydrochloride nanoemulsions ranged from 44.1 to 51.9 mN/m (Table II) , which is more or less similar to that of the lachrymal fluid. Low surface tension of nanoemulsions guarantees good spreading effect on the cornea and mixing with the precorneal film constituents, thus possibly improving the contact between the drug and the corneal epithelium (63) .
pH
The ideal pH for maximum comfort when an ophthalmic preparation is instilled in the eye should be in the order of 7.2±0.2 (64) . In some cases, the instillation of a solution with a pH different from tears is irritant and causes a painful sensation. This depends on the volume instilled, the buffering capacity, composition of the solution, and the contact time with the eye surface (65) . However, different pH values can be tolerated if the preparation is not or is only very slightly buffered because in this case the limited buffering capacity of the tears is able to adjust the pH to physiologic levels on administration (57) . The pH of therapeutic substances applied as eyedrops can vary from 3.5 to 8.5 (66) .
The pH values of the prepared dorzolamide hydrochloride nanoemulsions were within the acceptable range (4.2 to 6.7, Table II ).
Osmolality
The osmolality of lachrymal fluid is between 280 and 293 mOsm/kg on waking. As a result of evaporation when the eyes are open, osmolality may vary between 231 and 446 mOsm/kg (67) . Depending on the drop size, solutions with an osmolality lower than 100 mOsm/kg or higher than 640 mOsm/kg are irritant; however, the original osmolality is restored 1 or 2 min after instillation of the nonisotonic solution depending on the drop size (65) .
The osmolality of the prepared dorzolamide hydrochloride nanoemulsions ranged from 500 to 1,320 mOsm/kg (Table II) . Nanoemulsions containing propylene glycol (NEs 1, 5, 6, 10, 11, 14, and 15) had higher osmolality compared to those containing other cosurfactants as Transcutol, triacetin, or Miranol (1,050-1,320 versus 500-1,032 mOsm/kg, Table II ). Hasse and Keipert (63) formulated ocular nanoemulsions with osmolality which ranged from 1,200 to 2,400 mOsm/kg and found that they were nonirritant using hen's egg test on the chorioallantoic membrane and Draize test on rabbits' eyes.
In Vitro Drug Release Studies
Drug release from nanoemulsions containing IPM and Tween 80 together with Transcutol or triacetin (NEs 2 and 3, respectively) was lower (p<0.05) than that from nanoemulsion containing propylene glycol (NE 1, Fig. 2a) . Due to the lower osmolality of NE 3 compared to NE 2 (Table II) , the former one was taken into consideration for subsequent investigations.
Results of dorzolamide hydrochloride release from nanoemulsions containing triacetin and Tween 80 together with different cosurfactants (NEs 5-9) are presented in Fig. 2b . The comparison of the release properties of NEs 5, 7, and 9 which contain the same concentrations of oil, surfactant, and cosurfactant and differ only in the type of cosurfactant (PG, Transcutol, and Miranol, respectively) reveals that the release efficiency of these nanoemulsions follows the order: NE 9>NE 7>NE 5 (p<0.05). On the other hand, comparing dorzolamide hydrochloride release from NE 5 with NE 6 and NE 7 with NE 8 which contain 2% and 4% w/w of triacetin, respectively, denotes lack of significant difference between their release efficiency (p>0.05). Therefore, NE 5 (2% Triacetin-TW80-PG) and NE 6 (4% Triacetin-TW80-PG) were selected for subsequent studies of the effect of oil concentration of the nanoemulsion on the bioavailability of the drug. Figure 2c comprises the results of the release study for nanoemulsions containing triacetin, Cremophor EL, and different cosurfactants (NEs 10-13). Comparing the release efficiency of NE 10 with that of NE 12 containing the same oil and surfactant but different cosurfactants (PG and Transcutol, respectively) and of NE 11 with that of NE 12 containing the same oil and surfactant but different cosurfactants (PG and Transcutol, respectively) reveals lack of significant difference (p>0.05). On the other hand, comparing the release properties of NE 10 with NE 11 and NE 12 with NE 13 which contain 2% and 4% w/w of triacetin, respectively, denotes that nanoemulsions containing higher contents of triacetin had a higher release efficiency (p<0.01). This might be due to:
& The increase of oil content of NEs 11 and 13 relative to NEs 10 and 12 was not accompanied by a similar increase of nanoemulsion particle size (Table II) . This resulted in an increase of total number of oil globules and subsequent increase in their surface area which led to an increase in drug release.
& The increase in oil content was combined with a decrease in surfactant concentration; this might cause an increase in the thermodynamic activity of the drug (54,68) which acts as a driving force for its release (69) .
On the basis of the previous results, NEs 10 and 12 were chosen for subsequent biological investigations. Figure 2d represents results of the release studies for nanoemulsions containing triacetin, Cremophor EL-Tween 80 (1:1), and PG or Transcutol (NEs 14-17). It is evident that the release efficiency of NE 14 was lower (p<0.01) than those of NEs 15, 16, and 17 which were more or less similar (p> 0.05); therefore, NE 14 was selected for the bioavailability studies.
The obtained release curves (Fig. 3) reveal that dorzolamide hydrochloride nanoemulsions (NEs 3, 5, 6, 10, 12, and 14) exhibit satisfactory sustained drug release behavior compared with that of drug solution or the market product. The difference in the release pattern between the abovementioned nanoemulsions and that of the market product indicates that these nanoemulsions might act as a reservoir for the drug since their viscosity values were much lower than that of the market product (4.19-9.24 versus 100 mPa s).
On the other hand, comparing the release efficiency of the nanoemulsion formulations with that of the drug solution for the market product indicates a lower efficiency for the nanoemulsions (p<0.0001). This may suggest that the oil phase in nanoemulsions served as a depot for the drug, while the drug transport occurred primarily from the water phase (70) . This phenomenon could have significant implications for the development of ocular systems for sustained delivery.
Based on the results of dorzolamide hydrochloride release studies, NEs 3, 5, 6, 10, 12, and 14 were chosen for the bioavailability studies since these nanoemulsions exhibited relatively low release efficiency and possible sustained release of the drug.
Ocular Irritation Studies
Clinical investigations revealed that the selected nanoemulsion formulations (NEs 3, 5, 6, 10, 12, and 14) were nonirritant and could be tolerated by the rabbit eye (average total score 0-0.33).
Cross sections from the corneas of rabbits' eye after application of the tested formulations together with a control section showed that both corneal structure and integrity were unaffected. Taking into consideration that the rabbit eye is more susceptible to irritant substances than the human eye (71) , this result would be considered very promising. Figure 4 demonstrates the percentage decrease in IOP of normotensive rabbits after administration of a single dose of dorzolamide hydrochloride nanoemulsions (NEs 3, 5, 6, 10, 12, and 14), drug solution, and the market product. It is observed that nanoemulsions, in contrast to the drug solution or the market product, induced a pronounced decrease in IOP already half an hour postinstillation of the eyedrops. This indicates that formulation of dorzolamide hydrochloride as a nanoemulsion led to a faster onset of drug action compared to that of either drug solution or the market product.
Therapeutic Efficacy Studies
It is also observed that the mean maximum percentage decrease in IOP occurred 0.5 to 1.6 h after instillation of nanoemulsions, drug solution, or the market product (Fig. 4) . In this respect, nanoemulsions 3 (2% IPM-TW80-Triacetin) and 6 (4% Triacetin-TW80-PG) had higher values (p<0.01) for this parameter compared to that of the drug solution or the market product (Table III) . On the other hand, there was no significant difference between the value of this parameter for the other nanoemulsions and that for the drug solution or the market product (p>0.05).
With respect to the duration of drug action, it is evident that the effect of nanoemulsions was continued for up to 4-6 h, while that of the drug solution and the market product lasted for only 3 and 4 h, respectively (Fig. 4) . This would indicate that dorzolamide hydrochloride nanoemulsions exhibited a more prolonged effect compared to either drug solution or the market product. Concerning the parameter of area under the percentage decrease in IOP − time curve (AUC 0-10 h , Table III), it is evident that the value of this parameter, if compared to that of the drug solution, follows the order: NEs 3 (2% IPM-TW80-Triacetin), 6 (4% Triacetin-TW80-PG) and 10 (2% Triacetin-CrEL-PG)>NEs 5 (2% Triacetin-TW80-PG), 12 (2% Triacetin-CrEL-Transcutol), and 14 (2% TriacetinCrEL+TW80-PG)>drug solution (p<0.05). On the other hand, all dorzolamide hydrochloride nanoemulsions, except NE 14, showed higher values for AUC 0-10h compared to that of the market product (p<0.05), indicating a higher drug bioavailability. Table III denotes that the mean residence time for percentage decrease in IOP (MRT) follows the order: NE 10 (2% Triacetin-CrEL-PG)>NE 6 (4% Triacetin-TW80-PG) > NEs 3 (2% IPM-TW80-Triacetin) and 12 (2% TriacetinCrEL-Transcutol) > NE 5 (2% Triacetin-TW80-PG) and the market product>NE 14 (2% Triacetin-CrEL+TW80-PG) and drug solution (p<0.05). This would indicate that, with the exception of NE 14, all dorzolamide hydrochloride nanoemulsions exhibited a more prolonged effect compared to drug solution.
As regards the effect of nanoemulsion components on drug efficacy, it is observed that NE 3 (2% IPM-TW80-Triacetin) was characterized by an enhanced drug bioavailability. This might be due to the inclusion of triacetin as a cosurfactant in this nanoemulsion. Triacetin, being an oil, increased the oil content of the nanoemulsion which acts as a drug reservoir and so, more oil was available to adhere to the lipophilic surface of the corneal epithelium and so, this could promote dorzolamide hydrochloride penetration (72) .
The effect of the oil content of nanoemulsions on ocular bioavailability of the drug is also evident on comparing NE 5 (2% Triacetin-TW80-PG) with NE 6 (4% Triacetin-TW80-PG). The latter nanoemulsion contained twice the amount of oil present in the former one and had superior therapeutic efficacy. This might be due to a delayed residence time of nanoemulsions containing high oil contents in the conjunctival sac, following a more significant contact time with the cornea (73) .
The effect of surfactant type on therapeutic efficacy of dorzolamide hydrochloride was studied on the examples of NEs 5 (2% Triacetin-TW80-PG) and 10 (2% TriacetinCrEL-PG). It was found that the presence of Cremophor EL led to more drug bioavailability compared to Tween 80. This may agree with the previously reported data concerning enhancement of permeation of cyclosporin A through human corneas by Cremophor EL (74) .
The comparison of NE 12 (2% Triacetin-CrEL-Transcutol) with NE 10 (2% Triacetin-CrEL-PG) indicates that the presence of Transcutol decreased (p<0.0001) the drug bioavailability (Table III) . This is in agreement with the observation of Liu et al. (75) that Transcutol decreased the apparent rabbit corneal permeability coefficient value of oxaprozin.
It is worthy to note that increasing the oil content of the prepared nanoemulsions improved their therapeutic efficacy. On the other hand, presence of Cremophor EL in the preparations led to an enhancement of therapeutic efficacy, while the use of Transcutol as a cosurfactant decreased the therapeutic efficacy.
On the basis of the results of bioavailability studies, it can be concluded that formulation of dorzolamide hydrochloride as nanoemulsion led to improvement of the therapeutic efficacy of the drug. This might be due to greater penetration of the drug from nanoemulsions due to the presence of surfactants and cosurfactants which increase the membrane permeability, thereby increasing drug uptake. In other words, nanoemulsions act as penetration enhancers by removing the mucus layer and disrupting tight junctional complexes to facilitate corneal drug delivery (76, 77) . Furthermore, the submicron particles penetrate into the corneal epithelium cells by endocytosis (78) .
CONCLUSION
The formulated nanoemulsion eye drops of dorzolamide hydrochloride were characterized by thermodynamic stability, acceptable physicochemical properties, and ability to retain the drug. Moreover, the developed nanoemulsions showed fast onset of drug action and prolonged effect as well as enhanced drug bioavailability compared to the market product. Such formulations offer a more intensive treatment of glaucoma, a decrease in the number of applications per day and a better patient compliance.
